X-ray diffraction measurements were performed on liquid LiBr • 5H 2 0 and Lil • 5H 2 0 at temperatures from -30 to 25 °C. The total radial distribution functions did show that on supercooling the hydration shell of the halide ions becomes more structured, while that of the lithium ions becomes distorted. The larger the halide ion, the stronger becomes the water-water interaction around halide ions with lowering temperature. However, the distance between the water molecules in the hydration shells of the halide ions depends little on their size. On the basis of the present results, together with those of our previous investigation on LiCl • 5H 2 0 at temperatures from -135 to 100°C, the effects of temperature and the size of the halide ions on the structure of the solution are discussed.
Introduction
Structural investigations on supercooled and glassy aqueous electrolytes are essential to understand their crystallization, chemical reactions, hydrogen bonding, and ion-hydration. LiCl, LiBr and Lil are very hygroscopic and form highly concentrated aqueous solutions, which are easily supercooled and vitrified. At ambient temperature, many investigations on these solutions have been performed using X-ray [1 -7] and neutron [8] [9] [10] [11] [12] [13] [14] [15] [16] diffraction, and computer simulation [17] [18] [19] [20] methods. These investigations have revealed that (i) the distances of Li + -0 and Li + -H(D) are 2.0 and 2.6 Ä, respectively, with hydration numbers of four to six, depending on the salt concentration, (ii) that the coordination geometry of the water molecules in the first hydration shell of Li + is nearly tetrahedral in highly concentrated solutions, (iii) the distance X~-0(H 2 0) is 3.1, 3.3, and 3.6 Ä for CP, Br", and I -, respectively, with hydration numbers of about six, (iv) water molecules approach Li + with their dipole axis, while the X -ion with their O-H bond axis. Most structural investigations on the corresponding undercooled solutions were limited to aqueous lithium chloride [21 -32] . Kanno et al. [27] have measured Raman spectra of aqueous LiCl, LiBr and Lil solutions in the glassy state. Both neutron diffraction [30] and inelastic scattering [31] measurements have been performed on aqueous LiCl solutions at various salt concentrations by Dupuy and her co-workers. We have investigated aqueous solutions of the compositions LiCl-5H 2 0 and LiCl -5D 2 0 in the supercooled and glassy state by X-ray and neutron diffraction [33] [34] [35] [36] ,
In the present study we have extended our X-ray diffraction studies on solutions of the composition LiBr-5H 2 0 and LiI-5H 2 0, in the temperature range from -30 to 25 °C in order to investigate the effect of the halide ions on the structure of such supercooled solutions.
Experimental

Preparation of Sample Solutions
Lithium bromide and lithium iodide (Wako Pure Chemicals, 99.9%) were dried under vacuum at 110 °C for 24 h and then dissolved in distilled water to reach [H 2 0]/[LiX] = 5. The densities of the sample solutions at 25 °C were measured with a densimeter DMA 35 (ANTON Paar K.G.), and those of the supercooled solutions were obtained by extrapolation from those between 0 and 100°C given in [37] , The compositions of the sample solutions are given in Table 1 . 
X-ray Diffraction Measurements
The X-ray diffraction measurements were carried out with a Rigaku 6-6 type diffractometer using MoKa radiation (/ = 0.7107 Ä). A LiF (200) bent crystal was used for monochromatization of scattered X-rays. The scattering angle (2 6) ranged from 2 to 140°, corresponding to a scattering vector s (= 4 n a~1 sin 6) from 0.31 to 16.6 Ä"
1 . The measurements were repeated twice over the whole angle range. Different slit combinations and step angles were employed, depending on the angle range. 80 000 counts were collected at each angle. Details of the X-ray diffraction measurements were given in [38, 39] . The temperature of the sample solutions was controlled within ±0.5 K with a temperature control system [40] . Photolysis of iodide ions by the X-rays was prevented by covering the sample cell with aluminum foil.
Data Treatment
The measured X-ray intensities, I (s), were corrected for background, absorption, and polarization of X-rays and normalized to electron units by the conventional methods [41] [42] [43] [44] . The contribution of the incoherent scatterings which reach a scintillation counter, / inco (s) = <£(s)Xx,-Ji nco (s), where #(s) is the fraction of the incoherent radiation, x f the number of atom i in a stoichiometric volume V containing one Li atom, and /; nco (s) the Compton scattering factor of atom i, was deduced from the normalized intensities. Correction for the double scattering was made by the method described in [45] . The structure function, i(s), is given by 
The theoretical intensities i calcd (s) were calculated by
The first term on the right-hand side of (4) is related to the short-range interactions characterized by the interatomic distance r tj , the temperature factor b u , and the number of interactions n tj for an atom pair i-j. The second term arises from the interaction between a spherical hole and the continuum electron distribution beyond this discrete distance. Rj is the radius of the spherical hole around the ith atom and Bj the softness parameter for emergence of the continuum electron distribution. All treatments of the X-ray diffraction data were carried out with the programs KURVLR [41] and NLPLSQ [46] .
Results and Discussion
Total RDFs
The obtained s-weighted structure functions are shown in Figs Table 2 (solid lines). In the present X-ray investigation, however, a peak ascribable to the Li + -H 2 0 interaction can hardly be observed because of the weak X-ray scattering power of Li.
In the RDFs for the LiBr and Lil solutions the second peak appears at 4. 5-5.0 Ä, corresponding to both the H 2 0 • • • H 2 0 interactions in the hydration shell of the halide ions and possible H 2 0 • • • H 2 0 interactions among different hydration shells of the cations and/or anions, the latter being abbreviated as (X)H 2 0 • • • H 2 0 below. In our previous investigation on a supercooled aqueous LiCl solution of similar concentration, the corresponding peak has been observed at 4.5 Ä. It is interesting that the position of the second peak is almost independent of the halide ion. Moreover, the peak becomes sharper for the Lil than for the LiBr solution. Furthermore, for the LiBr solution a shoulder on the second peak becomes appreciable around 4.75 A, which may be assigned to the interaction between Li + and Br -, bridged by one water
. The corresponding interaction for the Lil solutions is less ambiguous since it may be hidden by the predominant second peak around 4.8 Ä.
A broad peak is observed around 6.0 Ä for the LiBr solution at 25 °C. According to a molecular dynamics study on a solution with the composition LiCl [33] . All these findings suggest that the interactions between the water molecules around the halide ions are strengthened with decreasing temperature. On the contrary, the peak around 6.0 and 6.5 Ä for the LiBr and Lil solution, respectively, gradually decreases, while the shallow minimum around 7.5 Ä gradually evolves when the temperature is lowered to -30 °C. This temperature effect on the long-range interactions is more drastic for the aqueous iodide solution and a new peak appears at about 7.5 Ä. These results imply that hydrogen bonds are reinforced and extended to the third neighbors on supercooling, particularly in the solution containing the weakly solvating iodide ions.
Least-Squares Refinements
To perform a quantitative analysis on the X-ray diffraction data a least squares fitting procedure was applied to the structure function over the range of 0.1 <s/Ä -1 <16.6. In the present calculations, the interatomic distance r, the temperature factor b, and the number of interactions n in Table 2 were treated as variables in (4) . With respect to the hydration of Li + , the hydration number and the Li + -0 distance could not be determined accurately since the corresponding peak is scarcely observable, as described above. Therefore, in the present analysis the Li + -0 distance and the hydration number of Li + were fixed to average values (r = 2.0 Ä, b = 0.01 Ä 2 , and n = 4), as in [3, 4, 30 (25) 20 (11) 39 (22) 48 (15) 49 (5) 78 (5) (5) 100 (11) 100(7) n 6-1(4) 4.4(6) 4.1 (3) [33]
6-8]. The Li + -H 2 0 contribution to the total structure functions was practically negligible in the present system. The finally optimized values are summarized in Table 2 . As seen in Figs. 1 and 2 , the theoretical si (s) and RDFs calculated by using the values in Table 2 reproduce well the observed ones with the exception of the long range parts not taken into account in the present analysis. The corresponding parameters for the LiCl solution in the temperature range from -135 to 100 °C, determined in [33] , were also given in the Table 2 for comparison. As shown in Table 2 If the coordinated water molecules around the halide ions occupy rigid octahedral sites, the distances of the water-water interaction in the hydration shell are expected to be 4.4, 4.7, and 5.0 Ä for CI -, Br -and I -, respectively, on the basis of the X --H 2 0 distances. As seen in Table 2 , however, this is not the case, the distances of the (X)H 2 0 • • • H 2 0 interactions fall into the range 4.32(9)-4.38(2) Ä for all halide solutions. Here, it is noteworthy that this value is close to the second neighbour distance in the ice-like structure of water. Thus, we can say that the halide ions are loosely hydrated by water molecules and do not strongly distort the water-water hydrogen-bond network around them, In fact, even the largest iodide ion is small enough to replace one water molecule in the network.
On the basis of the ionic radii, the electrostatic interaction (hydrogen bond) between the halide ions and water molecules is strengthened in a sequence of CP>Br~>I~. This is also reflected by thermodynamic parameters of hydration; e.g. the enthalpies of hydration at ambient temperature are AH° = -362.8, -331.8, and -291. Neutron diffraction experiments on supercooled and glassy lithium chloride solutions [35, 36] have revealed a similar increased ordering in both the first and second hydration shell of CP with lowering temperature. Dupuy These structural changes in the hydration shell with lowering temperature suggest that water molecules tend to locally form hydrogen bonded ordering in the solutions, probably accompanied with solute enriched regions. Our X-ray diffraction data on a 5m LiCl solution at undercooled temperature [36] have clearly shown that a locally ice-like network gradually evolves in the solution with lowering temperature, and finally, hexagonal ice (/ h ) is formed below -40°C, together with the supercooled liquid.
Concluding Remarks
The present X-ray diffraction data on aqueous lithium halide solutions have demonstrated that a rigid geometrical arrangement of the water molecules in the first coordination shell around Li + is gradually distorted with lowering temperature, whereas hydrogen bonds between the water molecules around halide ions are reinforced at low temperatures. This tendency is remarkably promoted in the aqueous solution containing large halide ions because of the more loose binding of water molecules to the large halide ion. Conventional parameters such as the negative values of the Jones and Dole B-factors and the smaller Stokes radii than the crystal ionic ones indicate the weak hydration of Cl~, Br" and I~ in aqueous solutions. These halide ions are classified as structurebreaking in the Frank and Wen model. The present X-ray investigations on aqueous lithium halide solutions have shown that at an atomic level the halide ions distort the hydrogen-bonded network in water at ambient temperature to such an extent that the weakly distorted network is easily recovered with lowering temperature. On the contrary, it is interesting that even the hydration shell of Li + , known as a structure-making, is gradually distorted in the supercooled aqueous solution. Thus, in the supercooled aqueous solutions water tends to locally form ice-like arrangement with excluding solutes. These conclusions may be a hint to understand the crystallization of electrolytes from aqueous solutions and chemical reactions at undercooling temperature.
